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contribute to the reduced binding of 2, 3-BPG. 1, 5 In addition, the stereo-chemical basis of this decreased interaction in Hb XYGEN AFFINITY of fetal blood is higher than that of maternal blood and may help to provide the fetus with an adequate oxygen supply during pregnancy. In mam-F has been explained by x-ray analysis and may be the result of the increased distance between the phosphate groups of mals, 2, 3-biphosphosphoglycerate (BPG) mediates intracellular hemoglobin function by lowering oxygen affinity. Fetal 2, 3-BPG and g2 His in Hb F. 6 X-ray diffraction studies also showed that structural differences between the g and red blood cells have higher affinity for oxygen because of a smaller effect of 2, 3-BPG on oxygen affinity of fetal hemob chains do not cause any gross functional perturbations 7 ; however, differences in primary structure of the g and b globin (Hb F) compared with adult Hb (Hb A). [1] [2] [3] [4] [5] Hb A is much more sensitive to 2, 3-BPG, so that fetal red blood chains might help explain the lower binding to 2, 3-BPG of Hb F. We can now assess reasons for differences between cells that contain Hb F and normal levels of 2, 3-BPG have significantly higher oxygen affinity than adult red blood cells Hb A and Hb F by preparing Hb A and Hb F variants and studying their oxygen-binding properties using recombinant containing Hb A. The higher affinity is in part due to decreased binding of 2, 3-BPG to Hb F, which results in higher DNA technology. Because Hb F inhibits polymerization of Hb S, these basic studies should define the best antisickling oxygen affinity than Hb A in red blood cells, even though the affinity of purified Hb F for oxygen in the absence of 2, Hb F variants with desired oxygen affinity, stability, and thermodynamic characteristics for potential use in gene ther-3-BPG is slightly lower than that of Hb A.
1,2,4,5 The phosphate groups of 2, 3-BPG form salt bonds with the b Napy for sickle cell disease. In this report, we define amino acids responsible for the higher oxygen affinity of Hb F in terminus and the b2 and b143 His imidazoles in addition to binding of the carboxyl group of 2, 3-BPG to the e-amino the presence of 2, 3-BPG compared with Hb A. group of b82 Lys in Hb A. 6 Differences between the b and g chains at amino acids 1 globin chains in addition to 15,126 Daltons for the a-globin chain. Absorption spectra of the CO forms of the two Hb F variants were the same as those of native and recombinant Hb F (Fig 2A) . In addition, circular dichroism spectra in the region from 190 to 290 nm for recombinant Hb F and the two Hb F variants were similar to that of native Hb F ( Fig  2B) , indicating that these substitutions do not significantly affect globin folding and/or the overall secondary structure of Hb tetramers.
Oxygen affinities of Hb F and the Hb F variants were measured in the absence and presence of 2, 3-BPG in 50 mmol/L Bis-Tris buffer, pH 7.4, containing 0.1 mol/L NaCl at 20ЊC, and P 50 values (the partial oxygen pressure required 10 Absorption spectra of the purified Hb variants were recorded using a Hitachi U-2000 spectrophotometer (Hitachi Instruments, Inc, Danbury, CT). Circular dichroism spectra of the variants were recorded using an Aviv-Model 62 DS instrument (Varian Analytical Instruments, San Fernando, CA) using a 0.1-cm light path cuvette at approximately 10 mmol/L Hb concentrations. Methods for determination of kinetics of polymerization of deoxyhemoglobins in 1.8 mol/L phosphate buffers using the temperature-jump method were as reported previously.
11 Oxygen dissociation curves were determined in 50 mmol/L Bis-Tris containing 5 mmol/L EDTA, pH 7.2, at 20ЊC using a Hemox Analyzer (TCS Med Co, Huntington Valley, PA).
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RESULTS AND DISCUSSION
To clarify the role of gN-terminal Gly, g5 Glu, and g143 Ser in 2, 3-BPG binding to Hb F, we engineered and produced normal human Hb F and two Hb F variants (Hb F gG1V, gS143H, and Hb F gG1V, gE5P, gS143H) using a yeast expression system and then compared their oxygenbinding properties with those of native human Hb F and Hb A. 8, 9 Purified Hb F gG1V, gS143H showed similar migration on cellulose acetate electrophoresis to normal human Hb F made in yeast or isolated from human cord blood (Fig 1) . In contrast, cellulose acetate electrophoresis showed, as expected, that surface charge of the triple variant Hb F gG1V, gE5P, gS143H at pH 8.6 was more positive compared with Hb F and Hb F gG1V, gS143H (Fig 1) . Small amounts of abnormal forms of recombinant hemoglobins are produced in yeast, including sulphaem-containing hemoglobin and/or ing absorption spectra (Fig 2A) . Mass spectral analysis using 1, 4, 15, 16 For example, oxygen affinity is lowered in the presence of increasing chloride ion concentrations (Fig 4) . 1, 4 Binding sites for chloride in deoxyhemoglobin have been identified by x-ray analysis and include the Nterminal amino group of the b chain as well as specific sites in the a chain. 17 Previous studies showed that chloride effects on oxygen affinities of purified Hb F and Hb A are slightly different (see Bunn and Forget 1 and Bunn and Briel 4 and see Fig 4) . At low chloride ion concentrations, Hb F has a significantly lower oxygen affinity (higher log P 50 ) than Hb A, as shown in Fig 4. It is likely that, at low chloride concentrations, the deoxy or T quaternary structure of Hb F is more stable than that of Hb A, because Hb F may have fewer repelling positive charges in its central cavity. 18, 19 In contrast, at near physiologic concentrations of chloride, Hb F and Hb A have similar oxygen affinities. Effects of chloride ion on oxygen affinity of Hb F were less than that of Hb A as previously reported (see Bunn and Forget 1 and Bunn and Briel 4 and see Fig 4) . Chloride ion binding to Hb A occurs (eg, 0.005 mol/L), both Hb A and Hb F have identical Bohr effects; whereas at physiologic chloride ion concentrations, the Bohr effect of Hb F is about 20% higher than that of Hb A. 1, 18 It is likely that the smaller Bohr effect of Hb A is due ing 2, 3-BPG; however, effects of 2, 3-BPG on Hb F were to the presence of b143 His instead of g143 Ser. much less than that of Hb A. The P 50 value of Hb F gG1V, Oxygen affinities of Hb F gG1V, gS143H in the absence gS143H in the absence of 2, 3-BPG was slightly lower than and presence of chloride ion were higher than those of Hb that of normal Hb F (3.0 v 4.0 for Hb F). The increases F (Fig 4) . Effects of chloride on oxygen affinity of Hb F in P 50 for Hb F gG1V, gS143H with increasing 2, 3-BPG gG1V, gS143H were similar to those of Hb F. Substitution concentrations were larger at greater than 0.5 mmol/L 2, 3-BPG than that of normal Hb F (Fig 3) . Effects of 2, 3-BPG on increases in P 50 for this variant were still significantly less than that of Hb A. These results clearly indicate that amino acids other than the N-terminal and 143 positions in the g-and b-globin chains are responsible for differences in 2, 3-BPG effects on oxygen affinity of Hb A and Hb F. Therefore, we engineered an additional substitution of Pro for Glu at the g5 (A2) position and expressed Hb F gG1V, gE5P, gS143H in yeast to examine the role of g5 Glu in decreased 2, 3-BPG binding to Hb F.
P 50 values of the triple variant Hb F gG1V, gE5P, gS143H in the absence and presence of 2, 3-BPG were much higher than those of Hb F gG1V, gS143H and were similar to those of Hb A (Fig 3) . These results clearly show that the difference between Pro and Glu at the A2 position in the A helix in Hb A and Hb F, respectively, is critical for reduced binding of 2, 3-BPG to Hb F, even though b5 Pro does not interact directly with 2, 3-BPG in Hb A. Negatively charged Glu (A2) at this position may affect the size, charge, and/or shape of the cavity as well as the position of g2 His, in comparison with Pro (A2) of Hb A. These differences might 
org From
of Pro for Glu at the g5 (A2) position in Hb F gG1V, gS143H increased P 50 values in the presence or absence of chloride, but P 50 values were lower than those of normal Hb F. Effects of chloride on oxygen affinity of Hb F gG1V, gE5P, gS143H were also similar to those of Hb F gG1V, gS143H and normal Hb F. These results indicate that the N-terminal Gly and/or g143 Ser instead of Val and His, respectively, in Hb F increases oxygen affinity, whereas the Glu to Pro change at the A2 position in Hb F decreases oxygen affinity and increases 2, 3-BPG binding. There may be no differences between the two Hb F variants when comparing effects of chloride ion on oxygen affinity because of the smaller size and, therefore, ease of entry of chloride into the cavity in contrast to the larger size of 2, 3-BPG.
Proline plays an important role in the native structure of proteins and usually does not participate in direct formation Bicetre (b63 His r Pro), and Hb Atlanta (b75 Leu r Pro).
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respectively, whereas l represents HbS.
In contrast, x-ray analysis indicated that Pro at the second position of the A helix in the b chain is not conserved, suggesting that Pro at this position is not critical for structure. In fact, Hb Warwickshire (b5 Pro r Arg) showed no differnegative charge of Glu in Hb F at the A2 position, and these ence in oxygen-binding properties in comparison with Hb differences could also modify g2 His binding to 2, 3-BPG. A at physiologic chloride ion concentrations. 20 In addition, It is well known that Hb F and Hb A 2 inhibit polymerizathis substitution caused mild instability and a slight decrease tion of Hb S in vitro and that high levels of Hb F in red rather than increase in oxygen affinity in the presence of 2, blood cells of patients with sickle cell disease have been 3-BPG in comparison with Hb A (11.0 v 9.96 mm Hg of frequently associated with reduced disease severity. 1, 26 P 50 for Hb A). These results indicate that there is an increase Therefore, there is considerable interest in finding ways to in 2, 3-BPG binding to hemoglobin as a result of the b5 Pro increase synthesis of Hb F in adults for the purpose of amer Arg change. 23 However, the recombinant Hb A variant liorating sickle cell disease. 26 The net effect of Hb F or Hb (b5 Pro r Ala) showed increased oxygen affinity (0.68 for A 2 on Hb S polymerization is to dilute Hb S by exclusion the P 50 ratio of Hb A bP5A/Hb A) without any affects on of FS or A 2 S hybrids (a 2 b s g or a 2 b s d) from deoxy Hb S heat stability. 24 Effects of 2, 3-BPG on oxygen affinity of polymerization that results in inhibition of polymerizathis variant were less than those of Hb A in the presence of tion. 1, 8, 27, 28 We compared polymerization of Hb S/Hb F 0.1 mol/L NaCl. In addition, it is interesting to note that the gG1V, gE5P, gS143H versus Hb S/Hb F and Hb S/Hb A 2 decreased senstivity to 2, 3-BPG of horse Hb compared with mixtures to assess inhibitory effects of Hb F gG1V, gE5P, human Hb A was suggested to be due to perturbations ingS143H on Hb S polymerization. Polymerization of 1:1 mixduced by amino acid differences in the A-helix at positions tures of Hb S/Hb F gG1V, gE5P, gS143H was much deb-A1 (b4 Thr v Ser) and b-A2 (b5 Pro v Gly) in addition layed compared with Hb S alone, just like Hb S/Hb F and to the amino acid replacement at position b-NA2 (b2 His v Hb S/Hb A 2 mixtures, and also showed a delay time before Gln). 25 polymerization. Polymerization rates for Hb S/Hb F gG1V, X-ray diffraction analysis of crystals of Hb F showed that gE5P, gS143H mixtures were similar to those of Hb S/Hb the only detectable difference in tertiary structure of the g A 2 mixtures and slightly faster than those for Hb S/Hb F and b chains in Hb F and Hb A, respectively, is in the Nmixtures at the same Hb concentrations. 28 Logarithmic plots terminal regions. (Fig 5) . In addition, the critical concentration required for show that Glu instead of Pro at the A2 position in the g polymerization of Hb S/Hb F gG1V, gE5P, gS143H mixchain slightly increased oxygen affinity. These findings sugtures was the same as that of Hb S/Hb A 2 mixtures. These gest that amino acids at the A2 position may influence the results indicate that Hb F gG1V, gE5P, gS143H inhibits first turn of the A helix, which may affect interactions beHb S polymerization like Hb A 2 and that Hb F gG1V, gE5P, tween the A and EF helices in the absence of 2, 3-BPG.
gS143H/S hybrids are excluded like Hb A 2 /S hybrids from Differences in flexibility of the first turn of the A helix in the initiation of polymerization with Hb S. 
